Introduction
Neon color spreading arises when a red star is inserted in the center of a black Ehrenstein figure. The color of the star assimilates onto the white interspace between the radial lines, thereby generating a reddish, semi-transparent disk that fills in the central region of the Ehrenstein figure (van Tuijl, 1975; Varin, 1971) . Redies and Spillmann (1981) studied the boundary conditions for this effect, showing that for the illusion to occur, the radial lines of the Ehrenstein figure and the star must be collinear, equally wide, and spatially contiguous. Any slight offset, misalignment, or gap between the two figures weakens and ultimately abolishes the effect. This result suggests a contribution by end-stopped neurons in the primary visual cortex (V1) (Grossberg & Mingolla, 1985; Peterhans, von der Heydt, & Baumgartner, 1986; von der Heydt, Peterhans, & Baumgartner, 1984) .
Interocular presentation of the stimulus pattern points to an even earlier neural processing stage (Bressan, Mingolla, Spillmann, & Watanabe, 1997) . When the colored star is presented to one eye and the black Ehrenstein figure to the other, so that they are perfectly aligned in the fused image, neon color is absent (Redies & Spillmann, 1981; Takeichi, Shimojo, & Watanabe, 1992) . On the other hand, when one eye sees only the horizontal components and the other the vertical components of the combined stimulus pattern, neon color persists (Redies & Spillmann, 1981) . This result suggests that neon color spreading may originate, in part, at a precortical stage before binocular convergence.
The neon color effect has typically been studied with static stimuli and long exposure durations, although it was also observed informally with presentation times as short as 50 ms, ruling out eye movements as a factor (Redies & Spillmann, 1981) . Furthermore, Anstis (2006) reported that when the neon color pattern was in motion, traversing changing regions of the retina, there was good color spreading. Similarly, Cicerone, Hoffman, Gowdy, and Kim (1995) demonstrated that neon spreading can also occur in an array of moving dots that changed their color so that the hue in the region under consideration remained constant.
Here we ask a question: What are the temporal constraints for neon color to occur in an otherwise static configuration? Do the black radial lines of the Ehrenstein figure (henceforth called ''rays'') and the red star need to coincide in time, i.e., be shown together, or can they be shifted relative to each other? To find out we presented either the Ehrenstein figure or the star for 600 ms (''sustained'') and the complementary figure for 24, 48 or 96 ms (''transient''). The figure with the shorter exposure duration was systematically shifted relative to the onset of the figure with the longer duration and several asynchrony conditions were explored.
Methods Apparatus
The experiment took place in a dark room. Visual stimuli were generated with a VSG 2/5 graphics board (Cambridge Research Systems, Cambridge, UK) and presented on the face of a Barco Calibrator CRT screen (refresh rate 250 Hz). Stimulus generation was controlled by Matlab running on a PC (Dell, Pentium IV, 2 GHz, 512 Mb RAM) and proprietary Cambridge Research System routines.
Stimuli
A black Ehrenstein figure and a red star with eight radii each were presented on an otherwise white background subtending 308 · 208 of visual angle. The background had a luminance of 30 cd/m 2 , the radial lines of both stimuli were 40 arcmin wide, and their length was 2.58 for the star and 78 for the Ehrenstein figure. Luminance of the red star was 18 cd/m 2 and the CIE coordinates were x ¼ 0.62 and y ¼ 0.34.
There were two main experimental conditions. In Condition 1, labeled ''Sustained Rays/Transient Star'' ( Figure 1A , left), the rays of the Ehrenstein figure were shown for 600 ms, while the red star was presented ''transiently'' for 48 ms at different stimulus onset asynchronies (SOAs), ranging from À100-700 ms. In Condition 2, labeled ''Sustained Star/Transient Rays'' ( Figure 1A , right), the temporal relationship was reversed and the red star was shown for 600 ms, while the Ehrenstein figure was presented for 48 ms at the same SOAs as before. The temporal profiles are illustrated by Figure 1B and C.
SOA was randomized within each session. Asynchrony was defined as the difference in time between the onset of the sustained and the transient stimulus. Therefore, an SOA of 0 ms indicates that the red star and the Ehrenstein figure were presented together. An SOA of 600 ms, on the other hand, indicates that the transient stimulus was presented, when the sustained stimulus ended.
Two further conditions were also tested. In one condition, the exposure duration of the transient stimulus was either 24 or 96 ms instead of 48 ms; in the other, the duration of the sustained stimulus was lengthened from 600 ms to 1600 ms.
Subjects
Three subjects participated in the experiment. Their mean age was 27 years; one of them was author GMC; the other two were naive to the purpose of the experiment. All had normal or corrected-to-normal vision and were familiarized with the neon color effect before data acquisition. Observation was binocular. The experiments were conducted in accordance with the Declaration of Helsinki.
Task and procedure
Subjects determined the strength of neon color spreading by comparing it to that of a reference, consisting of an Ehrenstein figure lasting 600 ms and a red star flashed for 48 ms at an SOA of 300 ms (see also Figure 1B ). These parameters were kept constant throughout the experiments and were used both for the Sustained Rays/Transient Star condition and its converse.
Thus, there were two patterns in each trial, i.e., the test stimulus and the reference, both consisting of a combination of black rays and red star. Each trial started with a uniform white background, exhibiting a small gray fixation point (0.18 diameter) in the middle. Subjects used a chinrest to keep head position steady. After a random delay of 700 ms-2500 ms, the first stimulus pattern was presented and, after a further delay of 1500-2500 ms, it was followed by the second stimulus pattern. At the end of the sequence, subjects indicated whether the neon color effect had been stronger in the first or second configuration by pressing one of two keys on the keyboard. The order of the reference and test stimuli was randomized across trials. Each experimental session comprised 50 trials, and overall each subject participated in more than 10 sessions, yielding a minimum of 20 repetitions per data point.
Results

Sustained Rays/Transient Star
In the first experiment we studied the optimal temporal conditions (SOAs) for neon color spreading, when the black rays of the Ehrenstein figure were presented for 600 ms and the red star was shown for 48 ms at various temporal asynchronies. Figure 2 shows the percentage of trials when neon color spreading in the test stimulus was judged stronger than in the reference stimulus, plotted as a function of stimulus onset asynchrony between the Ehrenstein figure and the briefly flashed red star. The 50% value marks chance probability.
Negative values on the axis of abscissas refer to star figures flashed before the onset of the Ehrenstein figure, while positive values refer to stars flashed after the onset. Dotted vertical lines indicate SOAs at which the black rays and the red star had either the same onset (SOA ¼ 0 ms) or the same offset (SOA ¼ 552 ms).
Curves show that neon color spreading in the test stimulus is stronger than in the reference stimulus (.50%), when the red star is flashed close to the onset (SOA ¼ 0-100 ms) or offset (SOA ¼ 400-552 ms) of the Ehrenstein figure, but is substantially weaker (equal to or ,50%) for SOAs in between. This difference is particularly pronounced for subject PB.
To explore the experimental conditions that produce these peaks in greater detail, we repeated this experiment with two different exposure durations of the red star, 24 ms and 96 ms in subject GMC. Figure 3 plots perceived strength of neon color spreading as a function of stimulus onset asynchrony between the sustained and transient stimulus for all three-exposure durations of the star (the curve for 48 ms being the same as in Figure 2 ; subject GMC). Figure 3A plots the data as a function of stimulus onset asynchrony (SOA), where a value of zero on the axis of abscissas implies that both the Ehrenstein figure and the red star started simultaneously. Doubling the exposure duration from 48 to 96 ms markedly increased the strength of the neon effect. It also changed the shape of the curve from U-shaped to hump-backed (with a bias for long SOAs). After an initial peak, the curve briefly decreases and thereafter rises monotonically to a second, higher maximum shortly before the end of the stimulus presentation. In contrast, reducing the exposure duration to 24 ms weakened the effect significantly, leaving only small peaks (,50%) at the onset and offset of the sustained Ehrenstein figure.
For comparison, Figure 3B plots the same data as a function of stimulus termination asynchrony (STA). Here, a value of 0 ms on the axis of abscissas implies that the Ehrenstein figure and the red star terminated together. In this representation, the late peaks of the curves for all three exposure durations become closely aligned, supporting the idea that a maximal neon color is defined as the difference in time between the onsets of the two stimuli, whereas stimulus termination asynchrony (STA) is defined by the interval between the offsets of the two stimuli. In this example SOA is 300 ms. (C) Temporal profile of the converse condition. Duration of the stimuli is comparable, whereas SOA is 100 ms. In the experimental trials, a stimulus such as that in B (Sustained Rays, Transient Star, SOA 300 ms) served as a reference and subjects compared the strength of neon color spreading induced by various SOAs to that induced by the reference stimulus.
effect is obtained when rays and star terminate together.
To further verify that maximal neon spreading occurs when the red star is briefly presented at the onset or offset of the Ehrenstein figure, we repeated the experiment, prolonging the exposure of the sustained Ehrenstein figure from 600 ms to 1600ms, while leaving the red star (48 ms) and the reference stimulus (600 ms sustained rays, 48 ms flashed star, 300 ms SOA) unchanged. Figure 4 plots the results of this experiment. The curve peaks when the star and the Ehrenstein figure onset and offset together, just as had happened with an exposure duration of 600 ms. The curve connecting these two maxima increases slightly Figure 2 , the datum for SOA ¼ 300 ms has been marked with an empty symbol. over more than 1s, but does not rise above 50%. The gray curve is taken from Figure 3A .
Sustained Star/Transient Rays
In a second series of experiments, we rated the strength of neon color spreading using a sustained red star presented for 600 ms and a transient black Ehrenstein figure, flashed for 48 ms at various SOAs. This experiment is complementary to the first one and permits a comparison of the effect when transient and sustained stimuli are exchanged. Figure 5 shows the percentage of times that the neon color effect elicited by the transient presentation of the Ehrenstein rays in conjunction with a sustained red star was judged stronger than the reference stimulus (Sustained Rays/Transient Star, SOA 300 ms). The curve rises monotonically from 0 to 600 ms with only small intervening peaks after the onset. It crosses the 50% mark at SOAs of 200-300 ms. Neon color spreading is maximal when both the red star and the Ehrenstein figure offset together.
In analogy to Experiment 1, we repeated this experiment with two additional exposure durations for the Ehrenstein figure in observer GMC. Figure 6A plots the data for stimulus onset asynchrony (SOA), whereas Figure 6B shows the results for stimulus offset asynchrony. The curve for 48 ms is taken from Figure 5 (GMC). When the black rays are presented for 96 ms, the resulting curve is generally higher, but changes little in shape. Even with an exposure duration of 24 ms, the curve is clearly higher than its counterpart in Figure  3A . Note the two sharp peaks at SOAs of 0 and 48 ms, when the Ehrenstein figure and the red star onset approximately together. As before, we also used an exposure duration for the star of 1600 ms. Figure 7 plots the results. After a minor peak when both the Ehrenstein figure and the red star onset together, the curve continues to rise and reaches a maximum, when the two stimuli offset together. For most SOAs the gradual incline lies over 50%. The gray curve refers to a sustained star of 600 ms and is taken from Figure 5 (GMC).
Discussion
In this study we used a red star inserted in a black Ehrenstein figure to systematically study the temporal constraints for the emergence of neon color spreading. In particular our work revealed that 1. Neon color spreading occurred consistently, when the Rays-Star pattern was presented for 48 ms and 600 ms, respectively, confirming and extending previous informal reports by Redies and Spillmann (1981) . 2. The illusion was strongest when the two patterns (Black Rays and Red Star) onset or offset together, with a bias in favor of the offset. Intermediate SOAs yielded much weaker effects. This indicates that visual transients are critical for the assimilative spreading of color in the neon color effect. 3. The strength of the effect depended on the temporal properties of the channels for the red star and black rays. It increased with increasing exposure duration of the transient stimulus (from 48 ms to 96 ms), but was little affected by an increase of the sustained stimulus (from 600 to 1600 ms). 4. Neon color spreading was stronger for the Sustained Rays/Transient Star condition than for the converse condition. For example, no neon color spreading was observed with a transient star presented for 24 ms compared to a moderately strong effect for a transient Ehrenstein figure shown at the same exposure duration.
The finding that stimulus transients enhance the neon color spreading is consistent with a growing body of literature in macaque and man that shows that transients augment stimulus visibility and this increase may affect stimulus-stimulus interactions (Macknik & Livingstone, 1998; Macknik, Martinez-Conde, & Haglund, 2000; Rieiro, Martinez-Conde, Danielson, Pardo-Vazquez, & Srivastava, 2012; Saarela & Herzog, 2008) . In particular, Macknik et al. (2000) using optical imaging showed that the strength of masking varies throughout mask presentation with maximal effects at mask onset and mask termination and intermediate SOAs producing weaker effects. Such effects are likely to originate at early visual processing stages and suggest an early origin also for the observations on neon color spreading reported here.
Whereas SOAs close to the beginning and end of the sustained stimulus produce a strong neon color effect, SOAs between 150 ms and 450 ms elicit relatively weak effects. Curves for this range of SOA-values have different shapes: roughly U-shaped, when the black rays were sustained and the red star was transient, with little variation during intermediate SOAs ( Figure 3A) ; and monotonically increasing with time, when the relationship was reversed (Figures 5 and 7) . These findings suggest different mechanisms for the temporal integration of the black rays of the Ehrenstein figure and the red star.
This notion is consistent with the observation that for intermediate SOAs the sustained red star produces a stronger neon color effect than the sustained Ehrenstein figure. Figure 8 plots the strength of the effect in the Sustained Star condition as a function of the strength of the Sustained Black Rays condition in the central range of SOAs (200-400 ms). The neon color effect produced by the sustained star combined with transient rays is consistently greater than that produced by the converse stimulus pattern. This suggests that the red star is processed by a mechanism having a longer integration time.
The difference between the channels mediating the red star and black lines is also demonstrated by plotting the strength of the neon color effect for an intermediate SOA (300 ms) as a function of the duration of the transient stimulus (Figure 9 ). The curves show how in the case of Sustained Star/Transient Rays, an increase of the exposure duration above 48 ms has relatively little effect, suggesting that saturation is quickly reached. On the other hand, for the Sustained Rays/ Transient Star condition, the neon spreading starts out more gradually, suggesting that an exposure duration of up to 96 ms is still beneficial to the illusion.
A prolonged exposure duration may be beneficial to the illusion for two reasons: (a) It enables neon color spreading to build up. This would explain why STAs of 0 were optimal. (b) It increases the likelihood that a microsaccade occurs while both stimuli are simultaneously presented (Martinez-Conde, Macknik, & Hubel, 2002 , 2004 Rucci, Iovin, Poletti, & Santini, 2007) , causing a simultaneous transient response in both stimuli and thus enhancing the illusion. The neural responses of both stimuli at this time would be maximal (Macknik & Livingstone, 1998) .
The difference between the time course for the black rays and the red star may be explained by the observation that luminance-modulated stimuli are processed faster than color-modulated stimuli (Breitmeyer, 1975; Burr & Corsale, 2001; Burr & Morrone, 1996; Cicchini, 2012; McKeefry, Parry, & Murray, 2003) . An estimate of the temporal constants of the channels processing the star and the rays may be obtained by fitting the data with a standard saturating function akin to the Naka-Rushton equation
where A is an arbitrary scaling factor, b determines the steepness of the transition (and typically ranges from 2-4), and C 50 is the semi-saturating constant (in our case the duration that yields half of the maximum effect). We fixed A and b for both curves (respectively to 90% and 2.8) and we varied C 50 . The values of the semisaturating constant yielding the best fit are 30 ms for the Transient Rays and 60 ms for the Transient Star, confirming that the two channels are processed by markedly different temporal properties. Further, these values are consistent with the finding that temporal integration in the channel-mediating the red star could last for a few hundred milliseconds. Indeed, the semisaturation values underestimate the full extent of the temporal integration with a nominal value of 60 ms, describing a process that can last up to 150-200 ms. Our experiments demonstrate that the neon color effect has two constraints: a spatial one and a temporal one. In a static stimulus pattern, the temporal aspect does not reveal itself. However, when the two inducers, rays and star, are shifted in time relative to each other, the resulting illusory effect changes in strength. Conditions are optimal when both stimuli either offset, or less pronounced, onset together. Transients may also be critical for the formation of the crisp illusory contour delineating the reddish disk in the center of the Ehrenstein figure, although this factor was not tested.
There may be other phenomena of a similar kind where two or more stimuli need to be spatially aligned for a strong illusory effect, such as the Kanizsa triangle (Kanizsa, 1979 ) or Pinna's watercolor effect (Pinna, Brelstaff, & Spillmann, 2001 ) which may show a similar behavior when presented sequentially. The first illusion is based on end-to-end alignment, whereas the second requires side-by-side alignment (Devinck & Spillmann, 2009) . Subjecting these illusions to the same kind of transient-sustained regimen as in the experiments on neon color spreading used here may be an interesting research topic for the future.
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